The therapeutic effect of glial progenitor transplantation in diseases of dysmyelination is currently attributed to the formation of new myelin. Using magnetic resonance imaging (MRI), we show that the therapeutic outcome in dysmyelinated shiverer mice is dependent on the extent of cell migration but not the presence of mature and compact myelin. Human or mouse glial restricted progenitors (GRPs) were transplanted into rag2 −/− shiverer mouse neonates and followed for over one year. Mouse GRPs produced mature myelin as detected with multiparametric MRI, but showed limited migration without extended animal lifespan. In sharp contrast, human GRPs migrated extensively and significantly increased animal survival, but production of mature myelin did not occur until 46 weeks post-grafting. We conclude that human GRPs can extend the survival of transplanted shiverer mice prior to production of mature myelin, while mouse GRPs fail to extend animal survival despite the early presence of mature myelin. This paradox suggests that transplanted GRPs provide therapeutic benefits through biological processes other than the formation of mature myelin capable to foster rapid nerve conduction, challenging the current dogma of the primary role of myelination in regaining function of the central nervous system.
Introduction
Dysmyelinating disorders of the central nervous system (CNS), also referred to as leukodystrophies, are characterized by dysfunctional myelin sheaths. These conditions are associated with severe neurological consequences with onset typically at the early stages of development (Perlman and Mar, 2012) . The pathology is related to inherited genetic mutations affecting primarily glial cells and their ability to form myelin. Accordingly, therapeutic strategies aiming at the early replacement of dysfunctional glia with exogenous counterparts to wrap axons with new, proper myelin are an attractive therapeutic option (Yandava et al., 1999) . Indeed, in recent years, several types of neural progenitor cells were shown suitable for such replacement. The most promising results so far have been achieved with the use of progenitors derived from fetal CNS including CD133-expressing neural stem cells (Buchet et al., 2011; Uchida et al., 2012) or A2B5 + /PSA-NCAM − glial restricted progenitors (GRPs) (Rao and Mayer-Proschel, 1997; Walczak et al., 2011; Windrem et al., 2008) . Transplantation of either of these human cell types into neonatal dysmyelinated immunodeficient shiverer mice results in their extensive engraftment, migration throughout the entire neuraxis, and differentiation towards mature glia. Transplanted mice display extensive chimerization with the majority of glia (both oligodendrocytes and astrocytes) of human origin and murine axons are extensively myelinated by transplanted human cells. While the lifespan of dysmyelinated mice can be significantly extended by neonatal transplantation with human oligodendrocyte precursors (Windrem et al., 2008) , it has not been established whether the presence of mature and compact myelin facilitating rapid conduction occurs early enough in order to elongate lifespan.
While the landmark study by Windrem et al. demonstrated that global replacement of glia is feasible (Windrem et al., 2008) , the 25% success rate in extending lifespan that was achieved is expected to be too low for a clinically useful therapy. Still, encouraging preclinical data led to a Phase I clinical trial of fetal-derived human neural stem cells transplanted in children suffering from Pelizaeus-Merzbacher disease (Gupta et al., 2012) . That study met its primary objective in that it was safe; however, at one year post-transplantation, the activity of the graft remained unclear. Magnetic resonance imaging (MRI), the primary method for non-invasive assessment of myelin, was used in this clinical study; however, interpretation of the obtained imaging results without properly validated imaging studies in animals proved to be difficult and hence the functional status of the transplanted cells remained inconclusive.
The aim of our current study was to employ MRI, a non-invasive and clinically widely used imaging method, for monitoring the appearance of transplant-derived mature myelin serially over time. As it is possible that the variability in therapeutic effects in the study of Windrem et al. (Windrem et al., 2008) may be related to the inter-species mismatch between donor and recipient, we also included allogeneic GRPs, in order to test the hypothesis that these cells may have a greater therapeutic effect due to faster myelination and intra-species compatibility (Muse et al., 2001 ). Mice transplanted with either human or mouse GRPs were followed for 400 days with T 2 -weighted MRI, magnetization transfer (MT) MRI, and diffusion tensor imaging (DTI), which are commonly used for the evaluation of myelination in the clinic and in several rodent models (Laule et al., 2007; Song et al., 2002) . We report here that mouse GRPs (mGRPs) indeed produce mature myelin very early, but without therapeutic effect. In contrast, human GRPs (hGRPs) rescued nearly 50% of mice before any mature, compact myelin could be detected. These results indicate that biological processes other than the axonal insulation by mature and compact myelin play a significant role and should be taken into consideration for further development of cell therapy in dysmyelinated diseases.
Materials and methods

Cells
mGRPs were derived from mid-gestation (E13) proteolipid proteingreen fluorescent protein (PLP-GFP) transgenic mice as previously described (Phillips et al., 2012) except that cells were dissected from the fetal forebrain tissue. hGRPs (Sandrock et al., 2010) ("Q cells®") were provided by Q Therapeutics, Inc. (Salt Lake City, UT) and used for transplantation immediately upon thawing. mGRPs were cultured in serumfree Dulbeccos's modified Eagle's-F12 medium supplemented with N2, B27, bovine serum albumin, and basic fibroblast growth factor. Before transplantation, cells were trypsinized, centrifuged and resuspended in 10 mM phosphate-buffered saline (PBS) at a concentration of 100,000 cells/μl.
Cell transplantation
The Johns Hopkins institutional animal care and use committee approved this study. GRPs were transplanted bilaterally into the lateral ventricles of cryoanesthetized neonatal rag2 −/− shiverer mice of either sex (n = 9 for mGRP transplants and n = 40 for hGRP transplants) within three days of birth. A total of 200,000 cells were transplanted into each site with 31G Hamilton needle attached to a gastight #1701 syringe (Hamilton, Reno, NV) at a rate of 2 μl/min. Control animals were subjected to an identical procedure except for the injection of saline without cells. The pups were then returned to their mother until weaning at 3 weeks. Mice were checked daily for survival recordings.
For histopathology, pentobarbital-anesthetized mice were sacrificed and transcardially perfused with 4% paraformaldehyde (PFA). Brain and spinal cord tissue was harvested and immersed overnight in 4%
PFA at 4°C. Age-matched non-transplanted rag2 −/− shiverers (n = 9) and wild type (WT) mice (n = 5) of either sex were used as controls.
MRI
In vivo MRI was performed on a horizontal 11.7 Tesla MR scanner (Bruker Biospin, Billerica, MA) with a triple-axis gradient (maximum gradient strength = 74 G/cm). During imaging, mice were anesthetized with isoflurane (1%) together with air and oxygen mixed at a 3:1 ratio via a vaporizer and positioned in an animal holder with circulating warm water (Bruker Biospin). Respiration was monitored via a pressure sensor (SAII, Stony Brook, NY) and maintained at 40-60 breaths per minute. After imaging, animals recovered within 5 min.
Image acquisition was performed using a quadrature transmit volume coil (70 mm diameter) and a 4-channel mouse brain receiveonly phased array coil (Bruker Biospin). Multi-slice T 2 -weighted images were acquired using a rapid acquisition with refocused echoes (RARE) sequence with an echo time (TE) of 50 ms, a repetition time (TR) of 3600 ms, 4 signal averages, echo train length of 8, field of view (FOV) of 15 × 15 mm, 32 slices, and a native resolution of 0.078 × 0.078 × 0.50 mm. MT images were acquired using a RARE sequence with a chain of ten 3 ms Gaussian saturation pulses with a power of 12 μT and an offset frequency of −2 kHz from water and the following parameters: TE/TR = 7.5 ms/3000 ms, 8 signal averages, echo train length of 8, the same FOV as the T2-weighted images, and a native resolution of 0.117 × 0.117 × 0.500 mm. Images with no saturation pulse (M 0 ) were also acquired, and MTR maps were calculated using the expression MTR = 1-M t. /M 0 . For DTI, a modified three-dimensional (3D) diffusion-weighted gradient and spin echo (DW-GRASE) sequence (Wu et al., 2013) was used with the following parameters: TE/ TR = 27.5/600 ms, 2 signal averages, 20 imaging echoes (4 spin echoes distributed along the phase encoding direction and 16 gradient echoes distributed along the slice selection direction) after each excitation with twin navigator echoes in the end for motion and phase corrections, diffusion gradient duration = 5 ms, diffusion time = 12 ms, b = 3000 s/mm 2 , FOV = 16 × 16 × 16 mm, matrix size = 128 × 128 × 60, and a native imaging resolution = 0.125 × 0.125 × 0.267 mm (Aggarwal et al., 2010) . Two non-diffusion-weighted and six diffusionweighted images were acquired. With respiratory gating, the total imaging time was approximately 3 h.
Image processing
The 3D images acquired using the DW-GRASE sequence were reconstructed from raw data in MATLAB (www.mathworks.com) with navigator-based motion and phase correction (Aggarwal et al., 2010) . Using the log-linear fitting method implemented in DTIStudio (http:// www.mristudio.org), the diffusion tensor was calculated at each pixel along with the apparent diffusion coefficient (ADC), fractional anisotropy (FA), primary eigenvector, axial diffusivity (λ ║ , the primary eigenvalue), and radial diffusivity (RD, λ ⊥ , the average of the secondary and tertiary eigenvalues) (Jiang et al., 2006) . The six diffusion-weighted images were averaged to generate isotropic diffusion-weighted (iDW) images. Skull stripping was performed by manually outlining the boundary of the brain in the iDW images using Amira (FEI Visualization Sciences Group, http://www.vsg3d.com/amira) and removing signals from non-brain tissues. The skull-stripped mouse brain images were first rigidly aligned to the in vivo mouse brain images (referred to as the template image in the following paragraphs) in our MRI based mouse brain atlas (Wu et al., 2013) using the DiffeoMap software (Chuang et al., 2011) . The rigidly aligned FA, λ ║ , and λ ⊥ images from control, shiverer, and transplanted mice were then spatially normalized to the template image using the dual-channel (iDW + FA) large deformation diffeomorphic metric mapping (LDDMM) (Ceritoglu et al., 2009) . At each voxel, the mean and standard deviation values of FA, λ ║ , and λ ⊥ were calculated to generate group-averaged FA, λ ║ , and λ ⊥ maps and standard deviation maps for shiverer control group. For the transplanted animals, a Z score maps with respect to the shiverer control group were computed at each pixel as 
Data analysis
For spatial profile analysis and region of interest analysis, the midsection of the corpus callosum at bregma = 0.38 mm was chosen, as this region was consistently myelinated in all transplanted mice. For correlating MRI parameters to the level of donor-derived myelination, we compared the MR images to histological coronal sections. We selected clusters of 8 voxels in the MR images and matched them to regions in the histological sections corresponding to the appropriate resolution (125 × 250 μm regions for comparing to FA and RD, 116 × 232 μm regions for comparing to MTR, and 156 × 312 μm regions for comparing to T2-weighted images). GFP fluorescence signal intensity was measured to reflect myelination. There was no variability in MRI parameters for the shiverer control group in the region of the brain, allowing us to exclude micro-anatomical differences in the corpus callosum as a confounding factor in our analysis. A full range of regions of interest was selected -from non-myelinated to heavily myelinated regions. Group average spatial profiles were generated by measuring MRI parameters across the cortical-corpus callosal-subcallosal region in coronal sections at bregma = 0.38 mm. T2-weighted signal intensities were normalized in reference to the cortical region.
Histology and immunohistochemistry
The left hemispheres were cryopreserved and cut into 30 μm coronal sections and processed for eriochrome cyanine staining and immunofluorescence. For immunofluorescence, sections were first washed with PBS, blocked with 5% bovine serum albumin, and incubated overnight at 4°C with primary antibodies: anti-myelin basic protein (AbD Serotec, MCA4095), anti-human nuclei (Millipore, Billerica, MA, HuNu) anti-human specific GFAP and anti-human specific cytoplasmic marker (Stem Cells Inc., Newark, CA, STEM123 and STEM121 respectively). Sections were rinsed with PBS and incubated with Alexa fluor secondary antibodies (Invitrogen Inc., Carlsbad, CA). Images were obtained using an inverted microscope (Zeiss, Axio Observer.Z1) equipped with a motorized table. Fluorescent images were analyzed with Zen software for quantification of relative fluorescent intensity.
TEM and g-ratio analysis
The right hemispheres were used for transmission electron microscopy (TEM) and toluidine blue (TB) staining. Brain tissue was sectioned coronally using a microtome. Every other section was collected for immunohistochemistry to confirm successful transplantation in the right hemisphere. Sections collected for TB and TEM were fixed in 4% glutaraldehyde. Sections for TB staining were immersed in a solution of 0.5% TB in 1% sodium borate, washed with distilled water, dehydrated with ethanol, and dried on a hot plate at 60°C. Coronal sections of the corpus callosum were postfixed in OsO 4 and embedded in Epon. Thin sections of 70 nm were stained with citrate/uranyl acetate as previously described (Farah et al., 2011) . Images were acquired using a Zeiss Libra transmission electron microscope. Corpus callosum g-ratios were determined from TEM by manually measuring axon diameter and outer myelin layer diameter (axon average diameter/fiber average diameter) using Photoshop. All axons with N 3 lamellae were quantified (50-100 axons per animal). Calculations for the number of myelinated axons per unit area were adjusted for differences in axon diameter. To assess compaction of exogenous myelin, areas of 17 μm 2 in the corpus callosum were selected. The distance between lamellae was measured by dividing the total myelin thickness by the number of myelin lamellae. An average of four measurements was calculated for each axon.
Statistical analysis
For the comparison of group average spatial profiles, one-way ANOVA was performed using IBM SPSS Statistics 22 software. G-ratio profiles were analyzed using PROC MIXED (SAS 9.2, SAS Institute Inc., Cary, NC) and the least square means were used for comparison between groups. A value of p b 0.01 was considered as statistically significant. Coronal profile graphs are presented as mean ± SD.
Results
GRPs of mouse and human origin were cultured as monolayer for three days and immunostained for a panel of progenitor vs. mature markers (Fig. 1 ). GRPs from both species were shown to frequently express GRP signature markers with the following phenotype distribution for mGRPs: NG2 (84.9% ± 4.9%); A2B5 (93.6% ± 3%); Olig1 (78.8% ± 6%); Olig2 (96.1% ± 2%); PDGFRa (93.4% ± 7%). Phenotypic characterization of hGRPs showed the following distribution: A2B5 (82.2% ± 10%); Olig1 (60.4% ± 7%); Olig2 (39.2% ± 11%); PDGFRa (82.8% ± 17%). Expression of the mature oligodendrocyte marker MBP was not detected in neither human or mouse cells. The neuronal marker b-III tubulin was expressed by 3.0% ± 2% of mouse cells and 5.6% ± 4% of human cells. Nearly half of of mGRPs (48.6% ± 3.3%) and 69.0% ± 10% of hGRPs were GFAP -positive. This antigenic profile indicates that hGRPs appear as less mature cells compared to mGRPs. Quantitative results are shown in Fig. 1 . Prior to transplantation, mGRPs expressed GFP only at low basal level as GFP expression is controlled by the oligodendrocyte-specific PLP promoter. Both mGRPs and hGRPs were transplanted into neonatal shiverer mouse brains to determine the efficiency of myelination and their capacity to rescue shiverer phenotype.
Longitudinal multi-parametric MRI of shiverer mice transplanted with mouse GRPs
Transplanted and control neonatal rag2 −/− shiverer mice as well as WT counterparts were subjected to MRI. MRI discriminates well between white and gray matter in the brain and offers both semi-quantitative (T2-weighted signal intensity) and quantitative (MT ratio, MTR), RD (λ ⊥ ) or FA measures. Imaging was performed 18, 31, 46, and 62 weeks post-grafting in the hGRP-transplanted group or up to 18 weeks for the mGRP-transplanted group as the latter cohort did not survive beyond that time point. (Fig. 2) . In vivo MRI of 18-week old WT mice showed excellent white-gray matter contrast on T 2 -weighted and DTI-derived FA images. For example, the corpus callosum in the WT mice presented with a hypointense T 2 signal and high FA values. In age-matched shiverer mice, the T 2 contrast was practically absent with the white matter appearing hyperintense compared to the cortex, and FA values were reduced compared to WT mice. Quantitative analysis of all studied MRI parameters (T2, MTR, FA, and RD) revealed significant differences between WT and shiverer mice in all parameters within the corpus callosum. In mice transplanted with mGRPs, the MRI parameters were partially improved towards WT values. At 18 weeks post-grafting, the corpus callosum showed hypointense T 2 signals and increased FA values. Normalization of MRI parameters in mGRP-grafted mice was limited in area coverage and present only in the vicinity of the ventricular system. To examine myelination by mGRP cells in the corpus callosum, group average spatial profiles of normalized T 2 -weighted signal intensities, MTR, FA, and λ ⊥ were generated across the cortex, corpus callosum, and subcallosal gray matter at bregma = 0.38 mm for shiverer controls, transplanted shiverers, and WT control mice (Fig. 2b) . Normalized T 2 weighted signal intensity profiles showed decreased signal intensity in the mGRP grafted group by as much as 44.2 ± 8.8% towards WT values (p b 0.001). MTR profiles showed an increase in the corpus callosum of transplanted shiverers by as much as 62.5 ± 14.1% improvement towards WT values (p ≤ 0.001). WT controls and transplanted shiverers had increased FA values in the corpus callosum (p ≤ 0.001, p ≤ 0.001, respectively) and decreased radial diffusivity (RD; p ≤ 0.001, p ≤ 0.01, respectively) as compared to non-transplanted shiverer controls. Mean fractional anisotropy (FA) values in grafted mice had as much as 40.4 ± 23.6% improvement towards mean WT values in the corpus callosum; while mean λ ⊥ values in grafted mice had as much as 32.6 ± 26.6% improvement towards mean WT values in the corpus callosum (Fig. 2b, green) .
Longitudinal multi-parametric MRI of shiverer mice transplanted with human GRPs
At the same exact time point for the mGRP-transplanted group (18 week post-transplantation), hGRP-grafted mice had none of MRI parameters improved. Moreover, at 31 week post-transplantation, MRI parameters remained unimproved with hyperintensity on T 2 -weighted MRI, and low MTR and FA signals. Only at 46 and 62 weeks after grafting did MR imaging detect patterns that could be expected from newly myelinated white matter including hypointensity on T 2 and increased MTR values, though FA and RD showed no significant improvements even at 62 weeks (Fig. 2a) .
Group average spatial profiles of normalized T 2 -weighted signal intensities, MTR, FA, and λ ⊥ were generated across the corpus callosum and showed similar results. T 2 -weighted and MTR signals showed improvement towards WT values in the hGRP transplanted shiverers at the 46 week and 62 week time points (Fig. 2b, red) . Normalized T2-weighted signal intensity profiles showed decreased signal intensity in the grafted group by as much as 43.4 ± 14.6% towards WT values at the 62-week time point (p b 0.001). MTR profiles showed an increase in the corpus callosum of hGRP-transplanted shiverers by as much as 53.6 ± 16.4% improvement towards WT values at the 62-week time point (p ≤ 0.001). Surprisingly, hGRPtransplanted shiverers did not show any improvement in FA or RD values for the corpus callosum.
Time course of myelination as assessed by post-mortem histology
Immunohistochemistry for MBP in WT mice showed abundant staining throughout the brain with the highest signal within white matter structures. As expected, this staining was negative in shiverer mutants as they produce an abnormal, truncated form of MBP nonreacting with the antibody. In mice transplanted with mGRPs at 18 weeks, there was extensive positive MBP staining in the corpus callosum (Fig. 3a) . A sagittal section of the brain shows the distribution of transplanted cells myelinating the corpus callosum, fimbria, and a small cortical area limited to the periventricular region (Fig. 5a ). For the hGRP-transplanted animals, sacrificed at different time points immediately following MRI (18, 31, 46 and 62 weeks post-grafting), the MBP expression was very sparse at 18 weeks. Myelination became widespread at 31 weeks and over time, its extent gradually increased, resembling the pattern observed in WT animals at 62 weeks postgrafting (Fig. 3a) .
Eriochrome cyanin (Fig. 3b) , which stains hydrophobic compartments within myelin proteins and lipid molecules (Kiernan, 2007) , extensively stained white matter structures of the WT controls but was negative in control shiverer mice indicating poor integrity of myelin in shiverer controls. Brain tissue of 18 weeks old mGRP-transplanted mice was positive for eriochrome in the medial corpus callosum, fimbria, and to some extent in the anterior commissure, suggesting that the hydrophobic compartments were restored in newly myelinated regions. In contrast, the hGRP-transplanted cohort showed very low eriochrome positivity at 18 and 31 weeks and its presence was limited to the medial corpus callosum. At 62 weeks, however, the staining was abundant and closely resembled the pattern observed in the WT animals.
Ultrastructural analysis of the mid section of the corpus callosum at bregma = 0.38 mm with TB staining and TEM (Fig. 3c and d ) revealed pronounced differences between WT, transplanted cohorts, and nontransplanted (control) shiverer brain. WT mice and mGRP transplants had a significantly increased number of myelinated axons per area as compared to control shiverer mice at 18 weeks. hGRP-transplanted mice had few myelinated axons at early time points. It was not until 62 weeks that the hGRP transplants had a significantly increased number of myelinated axons compared to control shiverer mice (Fig. 4a) . Cohorts transplanted with mGRPs had an increased number of myelin wraps per axon. In mice transplanted with hGRPs, the myelin sheath was comparable to that in shiverer controls at the 18-week time point, but subsequent time points displayed numerous axons with structurally normal myelin, trending towards thicker myelin sheaths over time (Fig. 4b) . Quantitative assessment of the g-ratio interval (axonal diameter/total diameter of the myelinated fiber) revealed significant differences between WT and shiverer mice (Fig. 4d) . Human GRP-and mGRP-transplanted cohorts had leftward shifts in their gratio profiles approaching WT values. The g-ratio differences between and mGRP-grafted mice. In the corpus callosum (red arrows), wild type mice and mGRP-grafted mice show hypointense white matter on the T2-w images and hyperintensity on the FA maps as compared to rag2 −/− shiverer controls. T2-w images and FA maps of hGRP-grafted mice resemble rag2 −/− shiverer control images with hyperintense white matter on the T2-w images and hypointensity on the FA at the 18 and 31-week time points. It is not until the 62-week time point that there is a qualitative improvement of the T2-w images and FA maps resembling the WT images. (b) Group average spatial profiles of normalized T2-w signal intensities, MTR, FA, and RD were generated across the cortex, corpus callosum and subcallosal gray matter at bregma 0.38 mm for rag2 −/− shiverer controls (n = 9, solid black line, open marker), WT controls (n = 5, solid black line), mGRP transplanted shiverers (n = 9, solid green line), and hGRP transplants at 18 weeks (n = 9), 31 weeks (n = 5), 46 weeks (n = 4), and 62 weeks (n = 7) post-transplantation (red solid, light red dotted, light red dashed, and light red solid lines, respectively). Shaded area indicates the region of the corpus callosum. For statistical analysis, error bars represent standard deviations within each group (*indicates p value ≤ 0.01, **indicates p value ≤ 0.001).
the shiverer control cohort and all transplanted mouse cohorts were found to be significant (p b 0.01), with a progressive shift towards thicker myelin in hGRP transplants from week 18 to 62. Interestingly, we observed a change in axon size in the transplanted cohorts (Fig.  4c ). This increase in diameter in mGRP-transplanted mice was comparable to the larger WT axon sizes. We quantified the number of axons containing single myelin wraps to test whether, prior to overt compact myelination, early interactions between axons and nascent myelin sheaths of newborn oligodendrocytes may promote axonal health. At 18 weeks post-transplantation, there was no significant difference between the mGRP and hGRP grafts for the number of axons containing single myelin wraps (Fig. 4f ). This suggests that nascent myelination was not a primary factor promoting axonal health in the hGRP grafts. Rather, the hGRP grafts must have promoted therapeutic benefits by other means.
Correlative analysis between myelination as detected by MRI and histology
Myelination by engrafted mGRP cells was not uniform across the white matter with various regions being either highly or poorly myelinated, and this provided an opportunity to examine the sensitivity of the MRI markers to myelination by donor cells. In mGRP donor cells, GFP fluorescence is expressed under the PLP promoter, which is constitutively active in mature oligodendrocytes. GFP expression can therefore be used as an indirect marker for donor-derived myelin. The spatial patterns of myelination by mGRP cells were visualized using Z-maps based on three-dimensional DTI data, in which changes in FA and λ ⊥ standardized to values measured in shiverer controls were highlighted. In a representative transplanted mouse brain, a large part of the corpus callosum and fimbria regions had reduced λ ⊥ values that were more than five times the standard deviation below the mean shiverer control values (dark blue regions in Fig. 5a ). The spatial pattern observed on MRI corresponded well with donor-derived GFP + cells and immunoreactivity for MBP. The GFP fluorescence signal intensity was compared to MRI parameters in the same corresponding regions of the anterior corpus callosum in transplanted mice. Scatter plots of normalized T 2 -weighted signal, MTR, FA, and RD (λ ⊥ ) values versus GFP signal intensity (Fig. 5b) showed significant linear correlations (p b 0.0001, R 2 N 0.8).
As GFP signal intensity increased, indicating myelination, FA and MTR increased while normalized T2-weighted signals and λ ⊥ decreased. Additionally, the correlation between MRI parameters and immunoreactivity against MBP was in good agreement (Fig. 6 ). In the case of hGRP grafts, a similar correlation comparison was not possible as on histology the entire white matter was uniformly and completely myelinated when the myelin-related signal was detected on MRI. 
Engraftment, extent of migration, and therapeutic effects of transplanted GRPs
Engraftment of mGRPs was visualized by GFP expression, which is driven by the PLP promoter resulting in a strong expression in mature oligodendrocytes. Undifferentiated cells expressed low levels but were still detectable (Fig. 7d, inset) . Transplanted mGRPs migrated out of the ventricles, the site of transplantation, and engrafted in the brain parenchyma. We previously reported on the dynamics of such migration at early timepoints (Walczak et al., 2011) . Here, we show extensive migratory behavior over the period of 18 weeks. There was a marked migration of transplanted cells primarily localizing within the periventricular corpus callosum, stria terminalis, and fimbria. Occasionally, transplanted cells also migrated into areas of the cerebral cortex (Fig. 7a) .
Engraftment of hGRPs was visualized by human-specific markers (human nuclear antigen, STEM 121), demonstrating the presence of large quantities of transplanted cells within most of the entire brain. There was a widespread migration of transplanted cells from the site of injection (lateral ventricle) towards the parenchyma, with a clear propensity to localize within white matter structures including the corpus callosum or fimbria (Fig. 7b) , anterior commissure, optic tract and nerve, hippocampal region, and olfactory bulbs (not shown). Cells were detected in abundance also in structures more remote from the ventricular system including the cortex and even the lumbar spinal cord (Fig. 7 e-g ).
Despite evidence of early but spatially limited myelination in MRI and histology, mice transplanted with mGRPs did not have extended survival as compared to non-transplanted shiverer controls. All transplanted mice died at the age of 193 ± 5 days (Fig. 7c, green) , while nontransplanted shiverer controls had an average lifespan of 180 ± 20 days. In contrast, mice grafted with hGRPs had delayed myelination as detected by MRI and histology; however, lifespan was radically extended with 48% of mice surviving over 400 days (Fig. 7c, red) . 
Temporal characterization of cell fate in hGRP-grafted shiverer mice
Engrafted hGRPs were identified by double immunostaining for HuNA) and Olig2 or GFAP at various time points after transplantation (Fig. 8a) . Quantification of the number of human cells, as identified by HuNA, revealed that the amount of cells slightly increased over time, with a maximum around 31 weeks (Fig. 8b) . The majority of human cells expressed Olig2 at earlier time points (70% ± 5 at 18 weeks, 83% ± 5 at 31 weeks). Only 25% ± 12 of all human cells expressed Olig2 at 62 weeks (Fig. 8c) .
A minority of hGRPs expressed GFAP. The percent of human cells expressing GFAP remained steady at 18, 31, and 62 weeks (23% ± 7, 15% ± 4, and 12% ± 2 respectively, Fig. 8c) . However, the population of these human astrocytes shifted towards more mature astrocytes over time (Fig. 8d) , as assessed by their morphology. Quantification of MBP-expressing oligodendrocytes was not feasible due to the extensive network of processes and sparse signal in oligodendrocyte cell bodies, but based upon increasing brain area with MBP positivity from week 31 to 62 and loss of human progenitor cell content it can be concluded that grafted cells matured over that interval towards myelinating oligodendrocytes.
Discussion
Therapeutic effects are independent from production of mature and compact myelin by transplanted GRPs
To the best of our knowledge, this is a first report demonstrating a side-by-side assessment of myelination by GRPs from xenogeneic (human-to-mouse) vs. allogeneic sources in dysmyelinated mice using in vivo MRI for longitudinal monitoring of myelination, with a direct correlation to post-mortem tissue analysis. We made intriguing and provocative observations that may have important implications for clinical cell therapy in patients suffering from dysmyelination. We have shown that xenografting of hGRPs results in improved survival of shiverer mice which is consistent with an earlier report (Windrem et al. (2008) , where about 25% of grafted mice survived long-term. The timing of myelination by hGRPs is also consistent with that study where extensive myelination was only observed beyond 35 weeks (Windrem et al., 2008) . This delayed myelination puts into question the role of mature and compact myelin in prolonging the life of grafted dysmyelinated mice. Paradoxically, mGRP-grafted mice died shortly after the 18-week time point despite exhibiting a more pronounced, but locally limited presence of mature and compact myelin.
Post-transplantation week 18 as critical time interval for enhancement of survival
Our first point of analysis (18 week post-transplantation) is a critical time point as it is near the maximum normal lifespan for shiverer mice, with death usually occurring at week 20. For cell therapy to be effective, the therapeutic benefits should therefore start prior to week 20. Our imaging and histological analysis revealed that mGRPs quickly differentiated into mature myelinating oligodendrocytes by 18 weeks as detected by MRI and eriochrome staining, albeit the engrafted area was limited to the periventricular region. In contrast, hGRP grafts had no detectable myelin on MRI, and histology detected engraftment of human cells throughout the brain, but only sparse myelination. While myelination was delayed in the hGRP-transplanted mice, we observed an increase in axon diameter size in xenografted animals at all time points as compared to the mGRP allografts and shiverer mice. Other reports have shown that oligodendrocyte elimination results in reduced axon diameters (Colello et al., 1994) . Overall the lifespan of hGRP-transplanted mice was dramatically prolonged despite the lack of mature and compact myelin at the 18-week interval (Fig. 3) suggesting that the therapeutic benefit of hGRPs is due to properties beyond merely axon insulation and facilitation of rapid conduction.
Extensive cell migration and global engraftment are required for improved animal survival
Biodistribution of mGRPs at 18 weeks corresponded well with myelin as detected by MRI and MBP immunohistochemistry, while in the case of hGRPs the widely distributed cells were not producing mature and compact myelin. These observations are consistent with other reports showing only a small portion of the corpus callosum (Nair et al., 2005) or spinal cord (Mothe and Tator, 2008 ) myelinated by rodent progenitors in shiverer mice. The observed extensive migratory potential of hGRPs in shiverer mice is consistent with other reports including transplantation of hGRPs (Walczak et al., 2011; Windrem et al., 2008) or primary human neural stem cells (Uchida et al., 2012) . Similarly, an extensive migration and a very slow process of differentiation was observed for human cells transplanted into the spinal cord of adult mice. A substantial differentiation towards oligodendrocytes could be observed only after 33-49 weeks (Buchet et al., 2011) . This slow process of differentiation may be a factor that contributes towards better migratory properties of human cells compared to mouse cells. Human glial progenitors were shown to have a competitive advantage displacing endogenous mouse glia even when transplanted into naïve, non-myelin deficient recipients. (Windrem et al., 2014) .
Correlation of GRP-induced myelination between MRI and histology
An intriguing observation was that there was a strong correlation between histological and imaging measures of myelination in mGRP grafts, but not for hGRPs, indicating that differences in the structure of new myelin must exist. For the hGRP group, there was a significant discrepancy between myelination detected by anti-MBP immunohistochemistry, by MRI, and by eriochrome staining. The MRI readouts of myelin were substantially delayed, and for DTI it never normalized during the 400 days of this study. DTI has been shown to detect myelination by transplanted neural stem cells (Uchida et al., 2012) ; however, the imaging in that study was only done ex vivo after perfusion fixation and hence may not be accurate.
Species-specific differences in GRP phenotype and function
Species-specific differences in the timing and extent of myelination were observed despite close similarities between human and mouse progenitors in terms of the tissue of origin or developmental stage (derived from second trimester fetuses). Species-specific features of glial progenitors are expressed by developmentally imprinted differences in the timescale for myelination between rodents and humans (McMorris and McKinnon, 1996) . Additionally, rodent OPCs express far more CXCL1 receptors which mediate mitogenic signaling pathways (de Castro and Bribian, 2005; Filipovic et al., 2003) than human OPCs, suggesting that human and rodent OPCs respond differently to certain factors, potentially resulting in the different timescale for migration and myelination. Furthermore, the species-specific differences in GRP migration could be due to their innate developmental programming, with murine progenitors required to migrate in a brain that is about a thousandth of the volume of a human brain. Another possible explanation for the therapeutic effect only obtained using hGRPs is the larger size and longer processes of human glia as compared to those for mouse cells (Oberheim et al., 2009) , suggesting that neuroprotective molecules could be produced more efficiently and in larger quantities by human glia. In this context it would be further warranted to explore the quantity and quality of neurotrophic factors or exosomal release by oligodendrocytes of different species.
Overall, the difference in the migratory potential has important implications for cell transplantation-based therapies in patients, as it could be that human GRPs may need additional engineering to enhance their species-innate programmed migration in order to achieve similar therapeutic effects in patients as obtained in mice.
We hypothesize that the capability for extensive migration and engraftment is the most fundamental feature for cells to be successful candidates for treatment of dysmyelinating disorders, and that the presence of mature and compact myelin itself is only of secondary importance. It suggests that oligodendrocytes in shiverer mice are not only incapable of the production of proper myelin, but also incapable of providing proper trophic support with the later perhaps being of greater consequence to the degenerative process observed in dysmyelination.
Role of myelin pathology in dysmyelination
Numerous studies in shiverer and other hypomyelinated mutants suggested that there is a direct correlation between the lack of myelin and decreased lifespan (Duncan et al., 1995) . In support of the critical role of myelin proteins is the observation that correction of the defect within the MBP gene results in rescue of the shiverer phenotype (Readhead et al., 1987) and that the expression of MBP anti-sense cDNA can induce the shiverer phenotype (Katsuki et al., 1988) . While hypomyelination is always detrimental, studies of mutant animals with different degrees of hypomyelination demonstrate the lack of a relationship between the extent of hypomyelination and premature death (Duncan et al., 1995) . Notably, it has been shown that mutant mice completely lacking myelin can survive at least 100 days (Wolf et al., 1999) . This demonstrates that the supportive role of oligodendrocytes is complex and likely extends beyond myelination. Indeed, it has recently been shown that oligodendrocytes play an important nutritional role for motor neurons. Oligodendrocytes were shown to produce one of the main lactate transporters (MCT-1) and dysfunction of oligodendrocytes with reduced level of MCT-1 leads to degeneration of neurons such as in ALS (Lee et al., 2012) .
In addition, it has been suggested that myelinating oligodendrocytes release metabolite-loaded exosomes in response to neuronal signals, which exert a neuroprotective effect on neurons under stress (Fruhbeis et al., 2013) . This suggests that the abnormalities observed in dysmyelinated mice may be at least in part due to disrupted trophic support of neurons by dysfunctional oligodendrocytes. Lack of trophic support, in concert with increased energy demand for the propagation of action potentials in hypomyelinated axons, places metabolic strain on neurons that could contribute to their gradual degeneration. Previous studies on human spinal cord morphology have suggested that the axonal diameter can be used as a marker for axonal pathology, as smaller axons are more susceptible to injury and age-dependent changes (Armstrong et al., 2008; Ganter et al., 1999; Terao et al., 1994) . Interestingly, in our study, hGRP-grafted mice exhibited an increase in axon cross-sectional area over time, compared to WT axon sizes, while shiverer controls and mGRP-grafted mice had smaller axon cross-sectional areas. The increased axonal size in the hGRP-grafted mice may suggest that host axons were regenerated beyond WT quality axons, owing to some therapeutic property intrinsic to hGRP cells, though likely independent of myelination status.
MRI as a non-invasive method for imaging graft-derived myelin
MRI is an ideal tool for non-invasive monitoring of cell-based therapies given its superior soft tissue contrast and clinical use (Walczak and Bulte, 2007) . The digitized data format allows easy processing and comparisons between different subjects or the same subject over time to examine the spatio-temporal progression of myelin. To realize the full diagnostic potential of MRI, we employed imaging techniques that are commonly available on clinical scanners. They cover different aspects of the state of myelination, including the chemical composition or micro-structural organization (Laule et al., 2007; Wu et al., 2011) and were included in our study to detect myelination at different maturation stages.
Our study shows that the synthesis of hydrophobic compartmentrich myelin may be a key factor for sensitive detection of myelination using MRI as evidenced by the good correlation between the MRI and eriochrome staining results. However, MRI of myelination alone should be used with reservations for a proper evaluation of the therapeutic effects of GRPs in patients with dysmyelination, as we show here that the outcome can be independent of myelination. It has to be emphasized that the detection of myelin in mouse brain using MRI is rather limited to major white matter structures such as the corpus callosum or internal capsule. Dispersed myelin fibers within the cortex or even fasciculated tracts in the striatum are beyond sensitivity limits and practically undetectable. Moreover, we found that the therapeutic benefit is highly dependent on the extent of cell distribution, suggesting that MRI cell tracking using either fluorine or iron oxide MR contrast agents may be equally important (Janowski et al., 2012; Srivastava and Bulte, 2014) . Advanced cell delivery techniques such as MRI-guided intraarterial injection may further improve cell biodistribution (Gorelik et al., 2012; Walczak et al., 2016) . Nevertheless, imaging of myelin may be more relevant to evaluating the therapeutic effects at later time points. While extensive cell migration is critical for rescuing initial animal survival, the long-term sustainability and normalization of neurological deficits will certainly rely on extensive myelination.
This pre-clinical study represents a first step towards validation of clinically applicable MRI monitoring of glial cell replacement therapy for dysmyelinating conditions. The process of graft-derived myelination as measured by anti-myelin immunohistochemistry is slow, and maturation of that myelin for MRI detection is even slower, requiring a time span of well over one year. Importantly, MRI diffusion parameters that were previously suggested to be highly specific for myelination (Song et al., 2002) did not improve here for the hGRP-transplanted cohorts, despite a strong evidence for extensive myelination as detected by immunohistochemical and T2-w or MT MRI methods. However, the T2-w and MT MRI parameters for myelination corresponded well with the presence of hydrophobic regions as visualized by eriochrome staining. This indicates that there are confounding factors influencing conventional diffusion MRI parameters, making them not as sensitive to myelin as T 2 -w and MT MRI parameters in this study.
Conclusions
We have demonstrated that transplantation of human GRPs is a viable therapeutic strategy for treatment of dysmyelination, with robust therapeutic effects seen in half of the treated dysmyelinated shiver mice. The therapeutic effect precedes the maturation of myelin as detected by MRI, suggesting that the therapeutic mechanisms of graft activity are not centered around the role of oligodendrocytes as axonal insulators. We demonstrated species-specific effects of GRP transplantation with regards to the timing of myelination, distribution across the entire neuraxis, histological axonal morphology, and animal survival. We found that the ability of extensive migration and engraftment is a fundamental feature for GRP cells to be successful candidates for use in dysmyelinating disorders. Further studies in large animals using alloand xenografting paradigms are needed to address whether the migratory capabilities of hGRPs will be sufficient for potential therapeutic effects in humans. Since the rescue of animal lifespan appears to rely heavily on cell distribution and not necessarily presence of mature and compact myelin, future efforts towards MRI-based monitoring of GRP therapy may benefit from including MRI cell tracking studies.
